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ABSTRACT
The Large Hadron Collider has thrust humanity into the TeV-scale era of particle
physics, and with it we have discovered a new Higgs-like particle and set stronger lim-
its on possible theories of supersymmetry and beyond-the-Standard-Model physics. But
while the experimental community continues to improve their searches for new physics,
the lack of clear beyond-the-Standard-Model discoveries so far has made it apparent that
if we are to discover new physics there, the theoretical community must continually de-
velop new methods as well. New tools must be forged and applied to the problems we
face at the Large Hadron Collider and possible future particle colliders. This dissertation
expresses one contribution, out of many, in this regard.
We begin by using boosted top tagging to look for signals of R-parity conserving su-
persymmetry. Then we use other jet substructure techniques to look for signals of R-
parity violating supersymmetry. Lastly, we use the SUSY-Yukawa sum rule to look be-
yond the phenomenology and probe the crucial cancellation of divergences at the heart
of supersymmetric theories.
BIOGRAPHICAL SKETCH
Michael Saelim was born on a cold Chicago morning to Sou-Ling Chong and Steven
Saelim, who instilled in him a great love of learning. He progressed quickly through
grade school with a strong affinity for math and science, even pulling his father’s algebra
textbook off the shelf and reading it cover-to-cover when the school ran out of math for
him to study. At Maine South High School, skilled teachers further fed his scientific inter-
ests, but nothing held his attention as much as Mr. Downing’s and Mr. Marino’s physics
classes. They, along with fascinating articles in Scientific American, inspired him to pursue
further study in particle physics.
He then went to Michigan State University, graduating with high honor with dual
Bachelor’s degrees in physics and mathematics. Along the way, he spent semesters re-
searching at the National Superconducting Cyclotron Laboratory for Dr. Tsang and re-
searching theoretical particle physics for Dr. Repko, and summers exploring other areas
of physics with REUs at Indiana University, Los Alamos National Laboratory, and CERN.
These days were filled with nerdy friends, losing one’s voice at college football and bas-
ketball games, the best ice cream ever, and biking through blizzards.
At Cornell University, he pursued a Ph.D. under Dr. Perelstein, researching topics in
supersymmetry and collider phenomenology. In his role as a teaching assistant, he had
the pleasure to teach hundreds of bright Cornell undergraduate scientists and engineers.
Between trivia nights, Scotch Fridays, placing reservations at restaurants for twenty peo-
ple, and more, he was also blessed to be surrounded by more great friends than he could
ever have hoped for.
After receiving his Ph.D., he will return to Chicago to begin a career in software engi-
neering.
iii
To my teachers, who gave the universe structure,
and to my friends and family, who gave the universe meaning.
iv
ACKNOWLEDGEMENTS
Over the past six years, so many people have contributed directly and indirectly to the
completion of this Ph.D. — I am forever grateful . . .
. . . first to my advisor, Maxim Perelstein, for giving me the chance to conduct research
in particle theory, and for giving me the preparation and guidance I needed so that we
could see that research through. I could not have asked for a better mentor.
. . . to my parents, who have always supported me in everything I try, and who deserve
to know, that I know, that I can always rely on them.
. . . to Csaba, Yuval, Liam, Henry, Jim, Ritchie, Lawrence, Julia, Anders, and Peter, for
their invaluable instruction in particle physics, and for fostering a special environment
where great particle physics research is done.
. . . to Josh, Flip, and Andy, for trudging through the grunt work with me, and for
passing down the wisdom of the older grad student.
. . . to Gala, Jordan, Luke, Werner, Frank Wuerthwein, and Didar Dobur, for all their
help in understanding the CMS experiment and its ingenious analyses.
. . . to Katerina, Liz, Kacey, Deb, Cindee, Aimee, Rosemary, Monica, and Peggy, for
their administrative expertise and diligence, and for how much they care about everyone
in the department.
. . . to all the other particle theory and experiment postdocs and grad students who
have overlapped with me — Avi, Ben Heidenreich, Ben Kreis, Bibhushan, Brando, Brian,
Cody, Dan, David Curtin, David Marsh, Dean, Don, Enrico, Gang, Itay, Jack, Javi, Jeff,
Jen, Johannes, John, Jolyon, Jorge, Justin, Marco, Mario, Mathieu, Mike, Monika, Naresh,
Nathan, Nic Eggert, Nic Rey-Le Lorier, Paul, Riccardo, Robin, Shamayita, Shao Min, Sina,
Sohang, Steven, Susan, Thomas, Timm, Walter, Wee-Hao, Xin, Yang, Yao, and Yuhsin —
for being the best colleagues and peers.
. . . to over six incoming classes of graduate students (as well as a few undergraduates)
v
from the physics, AEP, and other departments — too many to name here — who have




Biographical Sketch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
1 Introduction 1
1.1 Old problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.1 The Standard Model, and its issues . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Supersymmetry, and its issues . . . . . . . . . . . . . . . . . . . . . . 3
1.2 New tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.1 Simplified models and motivations for a light third generation . . . 5
1.2.2 Jet substructure and boosted object tagging at the LHC . . . . . . . . 6
1.2.3 The SUSY-Yukawa sum rule . . . . . . . . . . . . . . . . . . . . . . . . 8
2 Looking for R-parity conserving SUSY 10
2.1 Boosted Tops from Gluino Decays . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.2 Analysis Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1.3 LHC Sensitivity at
√
s = 7 TeV . . . . . . . . . . . . . . . . . . . . . . 16
2.1.4 LHC Sensitivity at
√
s = 14 TeV . . . . . . . . . . . . . . . . . . . . . . 17
2.1.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.1.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3 Looking for R-parity violating SUSY 21
3.1 The Same-Sign Dilepton Signature of RPV/MFV SUSY . . . . . . . . . . . . 22
3.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.1.2 Current Bounds: Recasting the CMS SSDL Search . . . . . . . . . . . 25
3.1.3 Future Searches: Optimizing for the RPV . . . . . . . . . . . . . . . . 28
3.1.4 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Snowmass 2013: RPV SUSY with Same-Sign Dileptons at LHC-14 . . . . . . 37
3.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2.2 Analysis Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.3 LHC Sensitivity at
√
s = 14 TeV . . . . . . . . . . . . . . . . . . . . . . 41
4 Looking beyond the phenomenology 43
4.1 SUSY-Yukawa Sum Rule at the LHC and the ILC . . . . . . . . . . . . . . . . 44
4.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.1.2 SUSY-Yukawa Sum Rule . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1.3 Improving the Theoretical Prediction of the Sum Rule with Data . . 47
4.1.4 Mass and Mixing Angle Measurements . . . . . . . . . . . . . . . . . 51
4.1.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
vii
5 Conclusion 54
A Appendix to Section 3.1: Details of the Recasting Procedure 55
B Appendix to Section 4.1: Details on the pMSSM and the constraints used in our
scans 57





Speaking in the most grandiose terms, the job of a theoretical particle physicist is to
build the theoretical framework that encapsulates and explains the structure and nature
of the universe. This is the task delegated to us by humanity, because to search for an
explanation of what everything is made of and how it all got this way is simply nothing
less than our birthright, and our responsibility, as a sentient species.
We stand today on the shoulders of the scientists who came before us: hundreds of
years of work have provided us with the Standard Model, an elegant framework that al-
most everything humanity has observed can be reduced to at small scales. Yet we also
look up and see how far we have to go: hundreds more years of work to be spent dis-
covering new physics at even smaller scales, at least until we can reconcile issues with
the compatibility of quantum mechanics and general relativity. We consider that perhaps
other species in the universe have enjoyed the fruits of this knowledge for many eons, and
we envy them, although perhaps they are jealous that we have so many exciting things
still to discover.∗
∗Perhaps that is why they have not contacted us: spoilers.
1
1.1 Old problems
1.1.1 The Standard Model, and its issues
The current understanding of particle physics is summed up in the Standard Model (SM),
which has been built over the last hundred years or so. Gauge fields corresponding to a
SU(3)C × SU(2)L × U(1)Y symmetry are joined by three generations of fermionic quark
and lepton fields, which lie in representations of the Lie algebra. A scalar Higgs field
completes the picture by attaining a nonzero vacuum expectation value (vev) that both
breaks the SU(2)L×U(1)Y symmetry (in a phenomenon known as electroweak symmetry
breaking (EWSB)) and couples to the fermions through Yukawa interactions, giving them
mass. In the end, this produces four gauge bosons (a massless photon γ for electromag-
netism, massive W and Z bosons for weak interactions, and a massless gluon g for strong
interactions), six massive quarks (u, d, c, s, t, b), six massive leptons (e, µ, τ , νe, νµ, ντ ),
and a single massive Higgs boson h, which was recently discovered at the Large Hadron
Collider (LHC).
The SM yields predictions that agree to astounding accuracy with measurements at
colliders and other experiments, perhaps the most famous of these being the electron
anomalous magnetic dipole moment (g− 2) which features an agreement to over ten dec-
imal places. But for all its predictive power, the SM still has some faults, chiefly among
these being the hierarchy problem. The Higgs boson’s two-point function admits a dia-
gram where the Higgs splits into a top quark-antiquark pair, which recombines to reform
the Higgs. This top loop diagram introduces a disastrous quadratic divergence to the
Higgs mass — if this divergence gets cut off at the high UV scale where new physics is
expected (presumably the Planck scale where gravity is expected to enter), it must get
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cancelled by a similarly high bare Higgs mass to yield the very small weak-scale physical
mass that is observed. This is a troubling example of fine-tuning, where two very large
masses must almost perfectly cancel by coincidence. The quest for a natural reason for
this sort of cancellation would lead physicists to supersymmetry.
1.1.2 Supersymmetry, and its issues
Supersymmetry solves the hierarchy problem in a seemingly drastic manner: fields come
in supermultiplets, so that every fermion has an otherwise identical bosonic superpart-
ner, and every boson has an otherwise identical fermionic superpartner. The most mini-
mal version of supersymmetry, known as the Minimal Supersymmetric Standard Model
(MSSM), assigns each fermionic quark and lepton a scalar squark or slepton superpart-
ner, and assigns each gauge boson a gaugino fermionic superpartner. In order to properly
implement EWSB, the Higgs sector is expanded to generate five Higgs bosons, the light-
est of which is expected to be identified with the Higgs boson already discovered. In
these supersymmetric theories, the quadratic divergence from the top loop is automati-
cally cancelled by a quadratic divergence of the same magnitude but opposite sign from
diagrams with stop loops, elegantly solving the hierarchy problem.
As usual, solving a problem creates new ones. SUSY admits terms in the Lagrangian
that violate lepton number (L) conservation and baryon number (B) conservation, which
can lead to catastrophes like decaying protons. The most popular way to prevent pro-
ton decay is to assume the existence of an extra property known as R-parity, where SM
particles have even R-parity and new SUSY particles have odd R-parity. If R-parity is a
conserved quantity, these L- and B-violating terms are automatically forbidden. Further-
more, R-parity conservation also implies that there is a lightest SUSY particle (LSP) that
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is stable, which may be able to explain the composition of dark matter. Such SUSY mod-
els are known as R-parity conserving (RPC) theories. However, there are many models
that relax this requirement or do away with it altogether — such models are known as R-
parity violating (RPV) theories, and include the Minimal Flavor Violation (MFV) theory
described by Csa´ki, Grossman, and Heidenreich in [48].
Then there is the fact that SUSY must be broken at some high scale. None of these
proposed superpartners have been found at collider experiments yet, which necessitates
that most of them are heavier than their SM counterparts, even though SUSY should
mandate that they have identical masses. But if all possible SUSY-breaking terms are
included in the Lagrangian, then over 100 new parameters are added to the model —
parameters that are theoretically unconstrained and can lead to large CP-violation and
flavor changing neutral currents (FCNCs) that conflict with experiment.
Furthermore, throughout the 2011-2012 runs of the LHC at
√
s = 7 and 8 TeV, no
positive signals of new SUSY particles have been found, which pushes the bounds on
the masses of SUSY particles even higher. As these bounds continue to rise, radiative
corrections to the Higgs mass rise as well, leading to fine-tuning, which may defeat the
purpose of using SUSY in the first place.
If new SUSY particles are expected at LHC collision energies, where are they? And
how can this search be conducted efficiently, when the parameter space is so large? Fi-
nally, after finding new particles, can it be shown that they are SUSY superpartners and
not new particles of some other theory?
4
1.2 New tools
1.2.1 Simplified models and motivations for a light third generation
Instead of wrestling with over 100 SUSY parameters, most of the work in collider phe-
nomenology is presented in the framework of simplified models. Simplified models pare
down the number of parameters by only considering the minimal set of new particles re-
quired to produce the desired SUSY signal. All other SUSY particles are considered either
too weakly-coupling or massive to affect the phenomenology, and are decoupled from the
system. This has the distinct advantage of paring down the 100+ new SUSY parameters
to just a few sparticle masses and assumptions about branching ratios.
One very popular way to search for SUSY is to focus on discovering stops and gluinos,
because they are expected to be light and strongly produced at the LHC. Having a stop
with greater mass than the top requires SUSY breaking in the stop sector, which disrupts
the nice cancellation between the top and stop contributions to the Higgs mass. Letting
the stop become much heavier introduces the dominant logarithmic corrections to the
Higgs mass at 1-loop order, as in Eq. 1.1. Similarly, since gluino loops contribute to the
stop mass, heavy gluinos introduce subdominant logarithmic corrections to the Higgs
mass at 2-loop order, as in Eq. 1.2. If these corrections are not so large as to reintro-
































At least one sbottom is also expected to be light, because b˜L sits in the same weak isospin
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doublet as t˜L and thus receives the same SUSY-breaking mass. However, sbottoms are not
required to be as light as the stops because the bottom Yukawa is not as strong. Mean-
while, first- and second-generation squarks can still be heavy, with multi-TeV masses.
This has the benefit of suppressing FCNCs that haven’t been observed in the ample data
on processes involving first- and second-generation quarks.
In this work, we will often consider a simplified model pertaining to third-generation
SUSY phenomenology at the LHC, consisting of
• the gluino g˜,
• the lightest stop t˜ ≡ t˜1, and
• if we are considering an R-parity conserving model, the lightest neutralino χ˜0 ≡ χ˜01.
All other particles are decoupled from the analysis.
1.2.2 Jet substructure and boosted object tagging at the LHC
One of the more exciting recent developments in the search for new particles at the LHC
is jet substructure, which results from the production of boosted heavy objects such as
high-momentum W and Z bosons, Higgs bosons, and top quarks. If these particles are
produced with high pT and decay hadronically, their decay products may form overlap-
ping jets in the detector. These overlapping jets are seen as a single fat jet, and for a time,
it seemed impossible to distinguish these from normal QCD jets.
In 2008, Butterworth, Davis, Rubin, and Salam (BDRS) developed the first boosted
object tagger [33], an algorithm that examined the radiation pattern of a jet to discern
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whether it was from a boosted heavy object decay or a light quark. Other boosted object
taggers followed in the years since [73, 86, 87, 95], but they all work in a similar way: they
try to count how many separate lobes, or subjets, there seem to be in the jet’s radiation
pattern. If there seem to be three, it is likely to be a hadronic top, and if there seem to be
two, it is likely to be a W , Z, or h. They also tend to factor in information on the total
mass of the jet.
Since their development, jet substructure techniques have begun to be employed at
the ATLAS and CMS experiments at the LHC in the search for new particles. The idea
is that these new particles must be heavy, and can decay into W s, Zs, Higgs bosons,
and top quarks. If the new particles are much heavier than their decay products, those
decay products will end up being boosted heavy objects that will result in fat jets with
substructure, and it becomes imperative to distinguish them from normal jets.
In Chapter 2, we discuss a proposed LHC search for light stops and gluinos, in an R-
parity conserving SUSY model, that takes advantage of boosted top tagging. We consider
a simplified model with a gluino g˜, light stop t˜, and neutralino LSP χ˜0, where the gluino
is heavier than the stop. In this model, gluinos are pair-produced and decay to on-shell
top and on-shell stop, and the stop decays to on-shell top and neutralino:
pp→ g˜g˜ ,

g˜ → tt˜∗ , t˜∗ → tχ˜0,
g˜ → tt˜ , t˜→ tχ˜0.
(1.3)
The production of four on-shell tops motivates us to use top tagging to generate handles
on this signal, and we show the statistical power of this analysis with a Monte Carlo
study.
In Chapter 3, we discuss a proposed LHC search for light stops and gluinos, in an
R-parity violating SUSY model, that takes advantage of jet substructure. We consider a
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simplified model motivated by the Minimal Flavor Violation (MFV) model [48] with a
gluino g˜ and light stop LSP t˜. In this model, gluinos are pair-produced and decay to top
and stop, and the stop decays to b and s quarks, violating R-parity:
pp→ g˜g˜ ,

g˜ → tt˜∗ , t˜∗ → bs,
g˜ → tt˜ , t˜→ bs.
(1.4)
If the gluino is much heavier than the stop, the stops become boosted heavy objects,
which motivates using jet substructure techniques to identify them. We show the sta-
tistical power of this analysis with a Monte Carlo study, which also reveals a surprisingly
good performance even for heavy off-shell stops.
1.2.3 The SUSY-Yukawa sum rule
Looking farther ahead into the future, once new particles are discovered at the LHC, can
they be shown to come from SUSY? It is possible that other models can generate similar
particle content, which necessitates a way to probe the theoretical mechanism behind the
stabilization of the Higgs mass. In 2010, Blanke, Curtin, and Perelstein developed the
SUSY-Yukawa sum rule [28], which is an algebraic relation between the third-generation
squark masses and mixing angles that should hold if SUSY is responsible for the cancel-
lation of quadratic divergences in the Higgs mass. However, while this relation is exact
at tree-level, it is subject to radiative corrections that are dependent on the other SUSY
parameters in the model.
In Chapter 4, we discuss a proposal to use experimental measurements of the other
new particles at the LHC and a future e+e− collider to constrain the SUSY parameter
space, thus constraining the distribution of possible radiative corrections to the sum rule.
This necessarily involves scanning over the SUSY parameter space, but this seems at first
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computationally prohibitive. Instead, we use Markov chain Monte Carlo (MCMC) to
probe a subset of the phenomenological MSSM (pMSSM) parameter space, and show the
feasibility of this sum rule technique.
Finally, Chapter 5 concludes the work of this dissertation, which has been in pursuit




LOOKING FOR R-PARITY CONSERVING SUSY
Higher collision energies at the LHC motivate the use of top tagging in BSM searches.
Decays of new heavy particles can produce top quarks that are highly boosted in the lab
frame, collimating the top’s hadronic decay products into a single “fat jet” that can be
separated from light quark jets by its three-pronged substructure and invariant mass. We
focus here on a SUSY search for gluino pair production that results in a final state with
up to four boosted tops, which can be tagged and used to identify the SUSY events.
This chapter is based on the paper Boosted Tops from Gluino Decays [24], written in
collaboration with Joshua Berger, Maxim Perelstein, and Andrew Spray.
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2.1 Boosted Tops from Gluino Decays
2.1.1 Introduction
Recently, experiments at the Large Hadron Collider (LHC) have begun searching for new
physics beyond the Standard Model (SM). Among the many theoretical ideas about the
possible nature of this new physics, supersymmetry (SUSY) is the most popular one: it
provides an appealing solution to the gauge hierarchy problem of the SM, contains an
attractive dark matter candidate, and fits naturally in the framework of grand unification
and string theory. SUSY models predict a number of new particles, “superpartners” of
the known SM particles, which may be produced at the LHC. In the simplest SUSY mod-
els, all superpartners are odd under a discrete symmetry, R-parity, while all SM particles
are R-even. This implies that the lightest SUSY particle (LSP) is stable, and that any other
superpartner will decay to the LSP and one or more SM particles. Cosmological consid-
erations strongly prefer the LSP to be electrically neutral and uncolored, so that at the
LHC the LSP passes through the detector without interactions, leading to an apparent
transverse momentum imbalance, or “missing transverse energy” (MET). The presence
of MET provides a distinct signature which can be used to distinguish SUSY events from
the (far more numerous) SM backgrounds.
At the time of writing, the LHC experiments have presented searches for events with
anomalous MET using a data set of approximately 1 fb−1 collected in 2010-11 at the center-
of-mass energy of
√
s = 7 TeV. No evidence for anomalous MET has been found, and lim-
its on superpartner masses have been set. Barring accidental features such as spectrum
degeneracies, gluinos g˜ and squarks of the first two generations q˜1,2 have been ruled out
for masses up to about 1 TeV [4, 39]. In models where all squarks have a common mass
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at some energy scale, this bound implies that a significant amount of fine-tuning would
be necessary to accommodate the observed electroweak symmetry breaking scale [93].
On the other hand, fine-tuning can be avoided if the third-generation squarks, stops t˜
and sbottoms b˜, are significantly lighter than q˜1,2 [30, 81, 75, 53]. The LHC bounds on
third-generation squarks are quite weak: stops above 200-300 GeV are currently allowed.
The only other superpartner whose mass is significantly constrained by naturalness is
the gluino [30]; at present, gluinos above 600 GeV are allowed if decaying only via the
3rd generation. With this motivation, we will focus on a scenario where gluinos, third-
generation squarks, and a neutralino LSP are the only particles relevant for the LHC phe-
nomenology, with other squarks being too heavy to be produced. An explicit example of
a complete theory realizing this spectrum is the “accidental SUSY” models [65, 94, 66].
The lack of discovery so far also implies that traditional SUSY searches using the MET
signature will become more difficult, since the large-MET tails of SM backgrounds will
need to be calculated (or extrapolated) with increasingly high precision to obtain sensi-
tivity to lower SUSY cross sections. This motivates the question: Can any handles other
than MET be used to identify SUSY events in the presence of large SM backgrounds? In
this section, we explore an alternative signature. Gluino cascade decays to the LSP via
intermediate stops produce two top quarks, so that gluino pair-production events may
result in final states with four tops [96, 72, 8]. If the gluino-stop and stop-LSP mass dif-
ferences are sufficiently large, each of these tops will typically be relativistic in the lab
frame, and its hadronic decay products will be merged into a single jet. Recently, much
work has been done on distinguishing such top jets from the usual hadronic jets using
the energy distribution inside the jet, and several well-tested algorithms for “tagging”
top jets are now available [5]. The original motivation was to search for decays of the
Kaluza-Klein gluon in models with extra dimensions [9, 78]; other proposed applications
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include a search for the string-Regge excitation of the gluon [84], and a search for direct
stop production in SUSY [87]. Here, we point out that this technique can also be used to
search for the SUSY gluino, and is particularly promising in scenarios with a light third
generation, since g˜ decays to tops have large branching fractions in this case.
2.1.2 Analysis Setup
In the spirit of the “simplified model” approach [12, 60], we assume that a gluino g˜, one
stop t˜, and a single neutralino χ˜0 are the only superpartners relevant for the LHC phe-
nomenology. This is the minimal set of particles required to produce our signature. In
the Minimal Supersymmetric Standard Model (MSSM), this setup can be realized if the
second stop and the left-handed sbottom are heavier than the gluino. (Note that natural-
ness considerations in the MSSM prefer spectra with a few hundred-GeV splitting among
the two stop mass eigenstates [83].) If this is not the case, the branching ratios of the de-
cays producing our signature would be reduced (e.g. from 1 to 2/3 if all three squarks
are degenerate), resulting in a somewhat decreased rate, but qualitatively the picture is
unchanged. We assume that the neutralino is the stable LSP, and set its mass to 60 GeV
throughout the analysis. The LHC signal is dominated by gluino pair-production, fol-
lowed by the cascade decay
g˜ → t˜+ t, t˜→ tχ˜0, (2.1)
or its charge conjugate. We assume that mg˜ − mt˜ > mt, mt˜ − mχ˜0 > mt, so that all four
tops in the event are on-shell. (It may be possible to relax one of these conditions, as long
as the other one is satisfied strongly so that at least two tops in the event are boosted;
we will not study that possibility here.) We compute gluino pair-production cross sec-
tions at next-to-leading order (NLO) using PROSPINO [22]. To study cut efficiencies, we
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generate event samples for gluino pair-production followed by the decays (2.1) using
MadGraph/MadEvent v5 1.3.27 (MG/ME) [13] for a large set of parameters (mg˜,mt˜).
We then simulate top decays, showering and hadronization with PYTHIA 8 [92]. To iden-
tify jets, we use the anti-kT algorithm implemented in the FastJet code [36, 34, 35]. Top
tagging of jets in our sample is simulated using the implementation of the Hopkins algo-
rithm [73] available at [35]. In the top tagger, we use two sets of parameters, “tight” and
“loose” tags; they are defined precisely as in [5].
We require at least 4 jets with pT > 100 GeV in each event, and require that some of the
jets be top-tagged. (The optimal number of top-tagged jets required depends on the LHC
energy and luminosity, see below.) In the signal, tagged jets are typically due to hadronic
decays of boosted tops, which produce 3 collimated partons that cannot be resolved. The
backgrounds include SM processes with boosted tops, as well as ordinary jets mistakenly
tagged as top-jets. (The mistag probability is typically of order 1% [5].) We also require
the presence of substantial missing energy. The irreducible backgrounds may contain
MET from invisible Z decays, leptonic W decays, or semileptonic top decays. We include
the following irreducible backgrounds: nt + (4 − n)j with n = 1 . . . 4; Z + nt + (4 − n)j,
with n = 0, 2, 4; and W + nt + (4 − n)j, with n = 0, 2, 4. Here each t may be a top or
an anti-top, j denotes a jet due to a non-top quark or a gluon, and Z → νν¯ or W → `ν is
required. We do not include reducible backgrounds, other than the light jets mistagged as
tops. We simulated the backgrounds at parton level with MG/ME, and used these samples
to compute pT and MET cut efficiencies. We use leading-order (LO) cross sections for
all background processes. The two dominant backgrounds, 2t + 2j and Z + 4j, have
been recently computed at NLO. In both cases, the NLO correction to the cross section is
negative: K-factors of 0.73 for 2t + 2j [26] and 0.95 for Z + 4j [70] have been reported, so
that using LO cross sections for these processes is conservative. No other backgrounds
14






















Figure 2.1: Signal at the benchmark point, (mg˜,mt˜) = (800, 400) GeV, and background
rates as a function of MET, at 7 TeV LHC. Four jets with pT > 100 GeV and two top-
tagged jets are required.
are currently known beyond the LO.
Unfortunately, due to large QCD rates and small mistag probabilities, we were not
able to generate Monte Carlo samples large enough to measure top-tag efficiencies di-
rectly in the background channels. Instead, we estimate these efficiencies by multiply-
ing the pT -dependent tag and mistag probabilities for individual top and non-top jets
reported in Ref. [5]. This estimate assumes that the tag and mistag probabilities for each
jet are independent of the presence of other objects in the final state (the probabilities in [5]
were computed using tt¯ and 2j samples). The probability to tag a true top jet as such is
clearly reduced by the presence of other jets in the event: for example, the tag efficiency
for our signal approximated in this way is typically about a factor of two higher than that
obtained by a full simulation. So, our estimate of backgrounds involving tops, such as
2t + 2j, is certainly conservative. It is less clear how the mis-tag probability would be
affected; we leave this issue for future work.
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2.1.3 LHC Sensitivity at
√
s = 7 TeV
To keep the analysis simple, we optimize the selection cuts for a single “benchmark”
point in the model parameter space, and do not vary them as we scan the masses. At 7
TeV, we choose the benchmark point (mg˜,mt˜) = (800, 400) GeV. We studied all possible
combinations of between 0 and 4 loose and tight top tags, and conclude that requiring 2
loose tags is the best strategy at this point. Analyses requiring more than 2 tags, or 2 or
more tight tags, suffer from low event rate, making a search in the 7 TeV LHC run with
20−30 fb−1 integrated luminosity impractical. Requiring fewer tags leads to significantly
higher background rates, decreasing sensitivity [18].
The two top tag requirements strongly suppress the backgrounds, as illustrated in
Table 2.1, but are not by themselves sufficient, so that an additional MET cut must be ap-
plied. The signal and principal backgrounds as a function of MET are shown in Fig. 2.1.
We require /ET > 100 GeV; with this cut, we expect 32 signal events, S/B = 2.4, and
statistical significance of 6.8 at the benchmark point with 30 fb−1 integrated luminosity.
The reach of the LHC with this data set is shown in Fig. 2.2. (The 95% exclusion contour
is calculated using the expected CLs [71, 88]. The discovery significance is determined
using the expected log likelihood of consistency with the signal plus background hypoth-
esis [62, 20].) Gluino masses of up to about 1 TeV can be probed at the 95% confidence
level, as long as the gluino-stop mass difference exceeds 400 GeV. The 5-sigma discov-
ery reach extends to a gluino mass of about 900 GeV for stop masses below 350 GeV. We
should also note that S/B & 1 throughout the probed region, so no extraordinarily precise
predictions of the background are required.
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Process σtot Eff(pT ) Eff(tag) σtag Eff( /ET ) σall cuts
signal 61.5 37 6 1.31 81 1.06
Z + 4j 2× 105 0.2 0.1 0.44 66 0.29
2t+ 2j 5× 104 3 0.3 5.7 2 0.10
W + 4j 2× 105 0.2 0.03 0.12 29 0.04
Z + 2t+ 2j 50 4 1 0.02 72 0.02
Table 2.1: Signal and background cross sections (in fb) and cut efficiencies (in %) at the 7
TeV LHC. Acceptance cuts of pT > 20 GeV, |η| < 5 for all jets are included in the total cross
sections. The cuts are labelled as follows: “pT”: requiring 4 jets with pT > 100 GeV; “tag”:
requiring 2 jets to be tagged as tops with “loose” parameters; “/ET”: requiring /ET > 100
GeV. The signal is at the benchmark point, (mg˜,mt˜) = (800, 400) GeV. Backgrounds not
listed here are negligible.
2.1.4 LHC Sensitivity at
√
s = 14 TeV
Anticipating higher reach of the search at 14 TeV, we optimize the selection cuts for a
benchmark point with higher masses, (mg˜,mt˜) = (1200, 600) GeV. After again consider-
ing all possible combinations of loose and tight tag requirements, we conclude that the
optimal strategy in this case is to require three loose tags. We further require /ET ≥ 175
GeV. At the benchmark point, we expect 8.5 signal events to pass these cuts in a data set
of 10 fb−1, and with S/B = 27.5 the expected statistical significance of observation is 6.5.
The reach of a search with these parameters is shown in Fig. 2.3. Discovery is possible up
to 1.3 − 1.4 TeV gluino masses with stops in the 300 − 700 GeV mass range. In this case,
S/B & 10 throughout the discovery region.
Given how effective the top tagging technique is in suppressing backgrounds, it is
natural to wonder whether, given enough data, a search for gluinos could be conducted
with no MET requirement at all. Unfortunately, this is not possible. While the back-
grounds studied above are sufficiently suppressed, a new irreducible background, pure
QCD events with 4 hard jets (pT > 100 GeV), must be included in the absence of a MET
cut. The rate for this process is so large (5.3 nb at 14 TeV at tree-level) that, even including
17













LHC, s = 7 TeV, Lint = 30 fb-1
mg - mt = mt
95% CL expected exclusion
5 Σ
Figure 2.2: The 95% c.l. expected exclusion and 5-sigma discovery reach of the proposed
search at the 7 TeV LHC run with 30 fb−1 integrated luminosity.
the small mistag probabilities for light jets, it overwhelms the signal. We estimate that the
most sensitive search without a MET cut is again one with 3 loose top tags required. For
a 300 fb−1 data set, this search is sensitive to the benchmark point at about 4.5 sigma level
(statistics-only), but with S/B ∼ 0.1, systematic errors are probably too large to claim
sensitivity.
2.1.5 Discussion
Our analysis indicates that using tagged top jets as an additional handle to suppress SM
backgrounds in the search for gluino decaying to stops leads to interesting reach, even in
the 7 TeV run. In fact, the reach may be even higher than we estimate, since we did not
perform a thorough cut optimization for various regions of the model parameter space,
instead simply freezing the cuts to values that were found to be near-optimal for a single
18












LHC, s = 14 TeV, Lint = 10 fb-1
mg - mt = mt
95% CL expected exclusion
5 Σ
Figure 2.3: The 95% c.l. expected exclusion and 5-sigma discovery reach of the proposed
search at the 14 TeV LHC run with 10 fb−1 integrated luminosity.
benchmark point.
While we made several simplifications in this exploratory study, the promising results
in our opinion justify a more complete analysis. Most of the outstanding issues concern
backgrounds. For irreducible backgrounds, the fixed-order (tree-level) simulations used
here should be supplemented with showering and hadronization, although since the jets
used in our analysis are required to have rather high pT , we do not expect qualitative
changes. Also, MC samples with higher statistics should be used to fully simulate top-
tagging efficiencies on the backgrounds. Reducible backgrounds, which were ignored
here, should be studied. The most important one of these is the pure QCD channel, 4j at
parton level, which has a very high rate even with a 2 or 3 mistagged-jet requirement. The
pure-QCD events passing our cuts lie far on the tail of the MET distribution for this chan-
nel, where the MET is entirely due to undetected or incorrectly measured jets. Correctly
estimating this background would thus be a task for a complete detector simulation or a
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data-driven approach, which must be performed by the experimental collaborations. It is
important to note, however, that large-MET QCD tails affect all SUSY searches at the LHC
relying on MET, and in the purely hadronic searches this effect is typically subdominant
to the reducible backgrounds once appropriate cuts are applied to eliminate events with
MET aligned with one of the jets [4, 39]. Similar techniques can be applied in our case.
2.1.6 Conclusions
If SUSY is realized in such a way that stops and sbottoms are the only squarks below the
TeV scale, as favored by naturalness and recent negative results from the LHC, top-rich
final states are a natural place to search for it. Our results indicate that the techniques to
separate top jets from light jets, developed recently with a completely different motiva-
tion, can be employed to boost sensitivity of such searches. They can complement other
proposed strategies for this scenario [72, 8, 29], especially in the heavy gluino region.




LOOKING FOR R-PARITY VIOLATING SUSY
The lack of SUSY discoveries at the LHC so far challenges the assumption of R-parity
conservation, which predicts that the lightest SUSY particles should be stable and neutral,
generating significant missing transverse energy (MET) in SUSY events. While RPV SUSY
signals are more challenging to find without being able to rely on MET, signals with same-
sign dilepton (SSDL) signatures remain promising because of their extremely low SM
background. We focus here on a search for gluino pair production where intermediate
stops RPV-decay to two down-type quarks, which can lead to a SSDL signature with b-jets
and very little MET. We recast a recent search by the CMS experiment for this signature,
and we propose improvements to the search for RPV SUSY that take advantage of large
jet masses and jet substructure algorithms such as N-subjettiness.
This chapter is based on the paper The Same-Sign Dilepton Signature of RPV/MFV SUSY [25],
written in collaboration with Joshua Berger, Maxim Perelstein, and Flip Tanedo, as well
as the follow-up paper RPV SUSY with Same-Sign Dileptons at LHC-14 [90], written in col-
laboration with Maxim Perelstein and contributed to the Snowmass Community Summer
Study 2013.
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3.1 The Same-Sign Dilepton Signature of RPV/MFV SUSY
3.1.1 Introduction
Supersymmetry (SUSY) remains one of the most compelling ideas for extending the Stan-
dard Model (SM). While SUSY is clearly broken in nature, naturalness of electroweak
symmetry breaking strongly suggests that it should be restored at an energy scale . 1
TeV. This would require the SUSY partners of the SM particles to appear at that scale.
However, experiments conducted in 2010–2012 at the Large Hadron Collider (LHC) have
seen no evidence for such superpartners, placing lower bounds on the masses of some of
them, squarks and gluinos, well in excess of 1 TeV. This apparent contradiction led many
theorists to question the assumptions underlying the LHC searches. One of the most im-
portant assumptions is R-parity conservation, which implies that the lightest superpart-
ner (LSP) is stable. A stable LSP in turn implies that each event with superpartner produc-
tion contains either missing transverse energy (MET) or exotic charged tracks, either of
which provides a good handle to distinguish such events from the SM backgrounds. Most
LHC searches make extensive use of such handles. If there is no conserved R-parity, these
searches would not be applicable and the LHC bounds would be weakened significantly,
removing conflict with naturalness.
From the theoretical point of view, R-parity is not required by SUSY: it is an addi-
tional discrete symmetry. The motivation for introducing this extra symmetry is purely
phenomenological: it forbids baryon (B) and lepton (L) number violating operators that
would otherwise induce rapid proton decay. However, proton decay and other tightly
constrained B- and L-violating processes may be forbidden or suppressed to acceptable
levels without introducing R-parity. An interesting proposal along these lines has been
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made recently by Csaki, Grossman and Heidenreich [48] (see also [80]). The authors start
with a minimal SUSY model without R-parity. They then impose the Minimal Flavor
Violation (MFV) hypothesis, which is strongly motivated by flavor physics constraints
on SUSY, on the full superpotential, including B- and L-violating operators. The MFV
hypothesis in effect imposes an accidental approximate R-parity on the first two genera-
tions and greatly suppresses dangerous operators such as those that induce proton decay.
At the same time, there are non-trivial R-parity violating (RPV) couplings involving the
third generation which are sufficient to render the LSP unstable on collider time scales
and weaken the LHC bounds. This is the framework that we focus on in this section.∗
As for any SUSY model, the collider phenomenology of MFV SUSY depends sensi-
tively on the superpartner spectrum. This, in turn, is determined by the details of the
SUSY breaking sector and mediation, for which many possible models have been pro-
posed. In this section, we focus on a simple scenario motivated by bottom-up naturalness
considerations. It is well known that the only superpartners required to be light (. 1 TeV)
by naturalness are the stops t˜1,2, the Higgsino H˜ , and the gluino g˜: see, for example, [30]
for a clear and careful explanation of this point. Of these, H˜ has a suppressed produc-
tion rate due to its weak coupling. Thus, it will not have a considerable impact on phe-
nomenology as long as it is not the LSP. We will therefore consider a simplified model [12]
with just two states: a gluino g˜ and a stop t˜. All other SUSY particles are assumed to be
either too heavy or too weakly coupled to be relevant at the LHC.† We assume that the
stop is the LSP, as motivated by naturalness considerations, and that mg˜ > mt˜ + mt. We
∗For recent work on complete SUSY models realizing this framework, see Refs. [77, 63, 49].
†We do not include a left-handed sbottom b˜L in our simplified model even though its presence at the
same mass scale as the stop is well motivated. In MFV SUSY, the dominant sbottom decays typically involve
the top quark, b˜ → tc or b˜ → tχ˜−, so that gluino cascades via sbottoms can still produce the same-sign
dilepton signature. Thus we expect that the bounds derived here would qualitatively apply to most MFV
SUSY models with mg˜ > mb˜ as well.
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focus on gluino pair-production, pp→ g˜g˜, followed by a cascade decay:
g˜ → t˜t, t˜→ bs,
or (3.1)
g˜ → t˜∗t, t˜∗ → bs.
The branching ratio for each of these channels is 50%, assuming a purely Majorana gluino.
With probability of 50%, the gluino pair will produce a same-sign top pair (tt or tt). If each
top decays leptonically, the final state will contain two same-sign leptons: e±e±, µ±µ±, or
e±µ±. Such “same-sign dilepton” (SSDL) events are very rare in the SM, and the SSDL
signature already plays a prominent role in the LHC SUSY searches. Typically, these
searches demand substantial MET in addition to SSDL, reducing their sensitivity to the
RPV cascades (3.2) where the only sources of MET are neutrinos from leptonic top decays.
However, the SSDL signature by itself is so striking that searches may be conducted even
with no (or very low) MET cut, making them sensitive to RPV SUSY [10, 23, 14, 67].‡ The
first goal of this section is to estimate the current bounds on our simplified model using
the latest publicly available CMS search for the SSDL signature [44]. This search uses 10.5
fb−1 of data collected at
√
s = 8 TeV in the 2012 LHC run.
While the current SSDL searches already place interesting bounds on RPV SUSY, they
are not optimized for this class of models. The second goal of this section is to suggest
ideas for optimizing this search that may be implemented by the experiments in the fu-
ture. SSDL events in RPV SUSY have at least 6 parton-level jets. This high jet multiplicity
can, by itself, provide an additional handle to suppress backgrounds. Moreover, two
pairs of these jets come from stop decays. Depending on the gluino and stop masses, two
regimes are possible. If mg˜ − mt˜ ∼ mt, the stops are typically non-relativistic in the lab
‡Other signatures of RPV SUSY with light stops and gluinos have been discussed in [52, 76, 31, 61, 64,
42, 3]. SSDL signature from resonant slepton production has been discussed in [56].
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frame and the two jets are well separated. In this regime, one simply needs to look for
a resonance in the dijet invariant mass. The case mg˜  mt˜ is more interesting. In this
case, the stops are predominantly relativistic, and their decay products are boosted in the
direction of their motion. The two parton showers would typically be merged in a single
jet, and the signatures of their “stoppy” origin are hidden in the substructure of the jet. Re-
cently, much work has been done on exploring observables sensitive to jet substructure
(for a review, see [11]). We will show how some of these techniques can be used to further
enhance the sensitivity of the SSDL search for RPV SUSY.
The rest of the section is organized as follows. The current bounds on RPV SUSY
derived from the recently published CMS search in the SSDL channel are presented in
Section 3.1.2. Additional cuts that can be used to improve the sensitivity of this search
specifically in the RPV SUSY case are discussed in Section 3.1.3. Section 3.1.4 contains
brief conclusions and outlook, while some of the details of the procedure used to recast
the CMS search are presented in Appendix A.
3.1.2 Current Bounds: Recasting the CMS SSDL Search
Both CMS and ATLAS perform searches for the SSDL signature, accompanied by MET
and jets (with or without b-tag requirement), as part of their standard search strategy to
look for R-parity conserving (RPC) SUSY with light gluinos and stops. These analyses
have non-trivial sensitivity to the RPV SUSY cascade (3.2) since leptonic top decays con-
tain neutrinos which provide genuine MET, typically in the few tens of GeV range. While
most RPC SUSY searches must impose a MET cut of at least 100 GeV to suppress SM back-
grounds, the SSDL signature by itself is very rare in the SM so that such a strong MET cut
is not required. The CMS collaboration recently published bounds based on a number
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SR0 SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8
No. of jets ≥ 2 ≥ 2 ≥ 2 ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 3 ≥ 4
No. of b-tags ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 3 ≥ 2
` charges + + /−− + + /−− ++ + + /−− + + /−− + + /−− + + /−− + + /−− + + /−−
/ET > 0 GeV > 30 GeV > 30 GeV > 120 GeV > 50 GeV > 50 GeV > 120 GeV > 50 GeV > 0 GeV
HT > 80 GeV > 80 GeV > 80 GeV > 200 GeV > 200 GeV > 320 GeV > 320 GeV > 200 GeV > 320 GeV
Table 3.1: Event characteristics required in the 9 signal regions (SRs) used in the CMS
SSDL+MET+b analysis [44]. Note that the number of jets on the first line of the table
includes both b-tagged and non-b-tagged jets. For the predicted background rates and the
observed rates in each region, see Table 2 of [44].
of signal regions (SRs) with either no MET cut or sufficiently low MET cuts (30–50 GeV)
that are easily exceeded by the top-induced MET [44]. While the CMS paper interprets
the results in terms of RPC SUSY, it is straightforward to “recast” their published data to
provide limits on the RPV case.§
The cuts imposed by the CMS analysis are summarized in Table 3.1. The acceptance
cuts are pT > 40 GeV, |η| < 2.4 for jets (both b-tagged and non-b-tagged), and pT > 20 GeV,
|η| < 2.4 for electrons and muons. Electrons are also not accepted at 1.442 < |η| < 1.566
due to a gap in EM calorimeter coverage. Events with a third lepton are vetoed if they
contain an opposite-sign lepton pair with invariant mass below 12 GeV, or between 76 and
106 GeV, to avoid contamination from Z decays. For more details on the CMS analysis,
see [44].
In all nine signal regions, the data is consistent with the SM expectation, so an upper
bound on the number of signal events can be set. We simulated the process pp → g˜g˜,
followed by the decays (3.2) and the leptonic top decay on both sides, using Pythia
8.162 [92], for a large set of (mg˜,mt˜) points. The leading order (LO) cross section pro-
vided by Pythia is multiplied by the NLO K-factor computed with Prospino 2.1 [22]
for normalization. To compute the efficiency of the CMS cuts on the signal, we essen-
§Previous recasts of the LHC SSDL searches in terms of RPV SUSY have appeared in [10, 67]. These
searches use smaller data sets than the one considered here.
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s = 8 TeV
ÙL = 10.5 fb-1
Figure 3.1: 95% CL exclusion of the RPV SUSY simplified model parameter space, based
on the 4 most sensitive search regions (SRs) from the CMS SSDL+MET+b search [44] with
10.5 fb−1 of data collected at the 8 TeV LHC.
tially follow the procedure described in the CMS report [44] and its predecessors [41, 46].
For details, see Appendix A. The only non-trivial deviation from the CMS prescriptions
concerns the treatment of lepton selection efficiencies. These have two factors: identifica-
tion (ID) efficiency and the efficiency of the lepton isolation cut. CMS only published the
combined lepton selection efficiency for a benchmark RPC SUSY point LM9 [21]. How-
ever, the RPV SUSY signal is expected to have a significantly different lepton isolation
efficiency: there is more hadronic activity, and, in some parts of the parameter space, the
tops are boosted, resulting in a b-jet in close proximity to the lepton. To take this into ac-
count, we estimate the lepton isolation cut efficiency from our signal MC, at each (mg˜,mt˜)
point, and multiply by the lepton ID efficiency estimated by a separate simulation of the
LM9 RPC SUSY signal. The cross section, acceptance and efficiency are then used to
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compute the number of expected signal events at each (mg˜,mt˜) point. Comparing this
number with the background prediction and data provided by CMS and using the CLs
method [71, 88] yields the expected 95% confidence level (CL) exclusion.
The results of this analysis are summarized by Fig. 3.1, which shows the 95% CL ex-
clusion contours from the four most sensitive signal regions. We conclude that the current
bound on the gluino mass is about 800 GeV. The bound is approximately independent of
the stop mass as long as an on-shell decay g˜ → t˜t is kinematically allowed. Note that this
bound is somewhat stronger than the bound recently obtained in [67] by recasting the
ATLAS SSDL+MET+j search [1]. The difference is especially pronounced in the region
of relatively small gluino/stop mass splitting, where the ATLAS analysis loses sensitivity
due to the large MET required (≥ 150 GeV). The remaining differences are accounted for
by the slightly higher integrated luminosity of the CMS search, as well as the additional
requirement of b-tagged jets imposed by CMS.
3.1.3 Future Searches: Optimizing for the RPV
While the current SSDL+MET+b searches already provide meaningful bounds on RPV
SUSY, they are clearly not optimized for this model. In this section, we suggest ways to
enhance their sensitivity to the RPV model, and demonstrate the improvements with a
Monte Carlo analysis.
The key observation is that in a large section of the available parameter space, the
stops produced in the gluino decays are relativistic. The stop boost in the gluino rest






















Figure 3.2: Lab-frame angular separation between the two quarks from a stop decay.
The stops are produced in the gluino cascade (3.2), following gluino pair-production at
a 14 TeV LHC. We assume mg˜ = 1.2 TeV, and vary the stop mass: mt˜ = 200, 400, 600
and 800 GeV distributions are shown in red, orange, green and blue, respectively. The
distributions were calculated using MadGraph 5 [13].
so that stops are relativistic when mg˜  mt˜. For example, mg˜ = 1.2 TeV and mt˜ = 200
GeV yields β ≈ 0.9. Since gluinos themselves are mostly produced with non-relativistic
speeds in the lab frame, such stops are typically also relativistic in the lab frame. In this
regime, the two quarks produced in the stop decay are boosted in the same direction and
have a small angular separation as can be seen in Fig. 3.2. The showers produced by
the neighboring quarks tend to be merged into a single jet. Such “stoppy” jets can be
distinguished from regular QCD jets, as we will discuss in detail below, giving an extra
handle that can be used to suppress the background and improve the search reach.
To assess the potential improvement, we performed a Monte Carlo study for the 14
TeV LHC. For this study, we simulated the signal, pp→ g˜g˜, using Pythia 8.162 [92], for
a large set of (mg˜,mt˜) points. The leading order (LO) cross section provided by Pythia
is multiplied by the NLO K-factor for normalization. Gluino, top and W decays are also
treated in Pythia, as are QCD initial radiation, showering and hadronization. Jet recon-
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Figure 3.3: Estimated 95% CL expected exclusion (left panel) and 5σ expected discovery
(right panel) reach in the RPV SUSY simplified model parameter space at the 14 TeV LHC
with 100 fb−1. Red/green lines: reach of the analysis identical to the one in [44], for signal
regions SR6/SR8. Black/gray: reach of the analysis with the SR8 cuts and an additional
requirement of one/two jets with Mj > 175 GeV. In the gray shaded region, the decay
g˜ → t˜t is kinematically forbidden.
struction is modeled with FastJet [36, 34] using the anti-kT clustering algorithm. The
dominant irreducible backgrounds, ttW and ttZ, were simulated using the same tools.
The cross sections for these processes are also normalized with NLO K-factors [37, 74].
To set a benchmark point against which improvements can be judged, we estimated
the reach of the searches currently performed by CMS [44] at the 14 TeV LHC with
Lint = 100 fb−1. For this estimate, we implemented the cuts corresponding to the CMS
signal regions listed in Table 3.1 (with the exception of SR7, which would require a sep-
arate analysis due to an additional b-tagged jet requirement) on both signal and back-
ground samples. We modeled b-tagging by applying a pT -dependent tagging efficiency
for the CSVM tagger [43] to all the jets that can be traced back to a b-hadron. The cut
efficiencies for the signal and the background are listed in Table 3.2. We then estimated
the instrumental background. The two dominant sources are “fake leptons” from sources
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process σ(total) Eff(SR8) σ(SR8) Eff(1HMJ) σ (SR8+1HMJ) Eff(2HMJ) σ (SR8+2HMJ)
signal (1200, 200) 113 0.41 0.46 86 0.40 40 0.18
(1200, 500) 114 0.44 0.50 64 0.32 24 0.12
(1200, 800) 114 0.45 0.52 70 0.36 31 0.16
(1300, 200) 63 0.36 0.23 89 0.20 40 0.09
(1300, 500) 63 0.48 0.30 71 0.22 22 0.07
(1300, 800) 63 0.45 0.28 75 0.21 31 0.09
(1300, 1100) 62 0.30 0.19 81 0.15 43 0.08
(1400, 200) 35 0.39 0.14 95 0.13 48 0.07
(1400, 500) 35 0.44 0.15 73 0.11 27 0.04
(1400, 800) 35 0.43 0.15 78 0.12 34 0.05
(1400, 1000) 35 0.45 0.16 81 0.13 43 0.07
(1400, 1200) 35 0.29 0.1 80 0.08 40 0.04
background ttW 590 0.07 0.38 4.7 0.02 0.3 0.001
ttZ 910 0.03 0.30 7.9 0.02 0.6 0.002
Table 3.2: Cross sections (in fb) and efficiencies (in %) of signal and background processes,
at the 14 TeV LHC. The signal points are labeled by (mg˜,mt˜), both in GeV. The selection
cuts are labeled as follows: SR8 refers to the cuts imposed by the CMS analysis [44] in
signal region 8 (see Table 3.1); 1HMJ means requiring at least one “high-mass” jet (Mj >
175 GeV); similarly, 2HMJ requires at least 2 jets withMj > 175 GeV. The 1HMJ and 2HMJ
cuts are applied to the events that pass all SR8 cuts.
such as heavy-flavor decays and misidentified hadrons, and “charge flips”, events with
opposite-sign leptons where one of the charges is mismeasured. The ratio of the instru-
mental background to the irreducible component reported in [44] is roughly between 1:1
and 2:1, depending on the signal region. This indicates that instrumental backgrounds
will play an important role at 14 TeV as well. Unfortunately, detailed modeling of these
backgrounds requires either detector simulation or data-based techniques. However, a
rough estimate may be obtained as follows. Since the physical process primarily respon-
sible for the instrumental backgrounds is top pair-production¶, it is reasonable to expect
that the rates scale approximately with the total tt cross section when the collision energy
is increased from 8 to 14 TeV. Using this scaling and the instrumental background rates
in various signal regions quoted in [44], we obtained corresponding estimates at 14 TeV.
We found that the irreducible and instrumental background components scale by similar
factors when going to 14 TeV: for example, our estimate of the instrumental/irreducible
¶We are grateful to Frank Wuerthwein for clarifying this point.
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Figure 3.4: Distributions of the largest jet invariant mass Mmaxj , in the signal (blue) and
irreducible background (red) events passing SR8 cuts at the 14 TeV LHC. The signal is
simulated for (mg˜,mt˜) = (1200, 200) GeV (left panel) and (1200, 800) GeV (right panel).
The background includes the SM ttW and ttZ processes.
ratio at 14 TeV for the signal region SR6 is 0.86, while for SR8 it is 1.62, quite close to the
ratios at 8 TeV.
Combining the irreducible and instrumental backgrounds, we computed the exclu-
sion levels expected under the assumption that the data exactly matches the background
prediction, as well as the discovery reach defined by requiring at least a 5σ difference
between the signal+background and background-only predictions. The estimated exclu-
sion and discovery reach contours are shown in Fig. 3.3 for the two most sensitive signal
regions: SR6 (red contour) and SR8 (green contour).
To identify the merged jets from stop decays, we first reclustered the samples, setting
the jet opening angle to ∆R = 1.0, as opposed to ∆R = 0.5 used by the CMS analysis.
Such “fat” jets are already being used by experimental analyses involving jet substruc-
ture (see, for example, [40, 2]). We then computed the invariant mass Mj of each jet.
The distributions of the largest Mj in each event, for both the signal and the (irreducible)
background samples, are shown in Fig. 3.4. It is obvious that Mmaxj is an excellent sig-
nal/background discriminator. For the case mg˜  mt˜, illustrated in the left panel of the
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figure, the reason is obvious: the high-mass jets in the signal are due to boosted stop de-
cays, and their masses peak around mt˜. However, somewhat more surprisingly, this dis-
criminator continues to work well in the regime mg˜ ∼ mt˜, as illustrated by the right panel
of the figure. The reason for this is simply the large jet multiplicity in the signal, which
at parton level has 6 quarks in the final state. In this situation, two independent parton
showers (from different stops, or from a stop and a top) often get accidentally merged
into a single jet which is more likely to have a large invariant mass than a single-parton
QCD jet. (This phenomenon was previously noticed in [69, 45].) As a result, requiring
massive jet(s) improves the reach of the search throughout the parameter space, and not
just for large mg˜/mt˜.
The improvement of the reach with the jet mass cut is shown by the black and gray
lines in Fig. 3.3. This analysis imposes all of the SR8 cuts with the additional require-
ment of at least one or two high-mass jets with Mj > 175 GeV. The efficiencies of these
cuts, and cross sections after all cuts, are listed in Table 3.2. For the reach estimate, we
assumed that the efficiency of the jet invariant mass cuts on the instrumental and irre-
ducible backgrounds are the same (which seems reasonable since both contain QCD jets
of similar energies). We found that gluinos up to 1.4 − 1.45 TeV can be excluded at the
95% CL, while gluinos up to 1.3 − 1.35 TeV can be discovered at the 5σ level at the 14
TeV LHC with 100 fb−1. The dependence of the reach on the stop mass is quite weak,
especially when the analyses with ≥ 1 and ≥ 2 high-mass jets are combined.
An even stronger separation of signal and background can be achieved by noticing
that the high-mass jets in the background are primarily due to boosted, fully hadronic
tops. Such jets have three hard partons. In contrast, the signal jets typically have two hard
partons from a two-body stop decay. To exploit this, we used theN -subjettiness technique
proposed by Thaler and Van Tilburg [95]. In this approach, observables τN are defined
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Τ2Τ1 of all high mass jets, for events passing SR8, NHMJ=1
Signal
mg = 1400 GeV
mt = 200 GeV
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Τ3Τ2 of all high mass jets, for events passing SR8, NHMJ=1
Signal
mg = 1400 GeV
mt = 200 GeV
Irreducible BG
Figure 3.5: Distributions of N -subjettiness observables, τ2/τ1 (left) and τ3/τ2 (right), for
the high-mass jets (Mj > 175 GeV) in the signal (blue) and irreducible background (red)
events passing SR8 cuts. The signal is simulated for (mg˜,mt˜) = (1400, 200) GeV. All dis-
tributions are normalized to unit area.
with N = 1, 2, . . .. A low value of the ratio τN/τN−1 indicates that the jet likely has an N -
pronged substructure. For example, the distributions of jets with Mj > 175 GeV in τ2/τ1
and τ3/τ2 observables are shown in Fig. 3.5, where in the signal simulation we assumed
(mg˜,mt˜) = (1400, 200) GeV, and used the onepass kt axes minimization scheme and
β = 1.1. As expected, low values of τ2/τ1 are favored in the signal, while low values of
τ3/τ2 are favored in the background. It should be noted that with the 100 fb−1 data set,
the reach of the jet-mass based searches shown in Fig. 3.3 is already statistics-limited, so
no further improvement can be achieved by cutting on the N -subjettiness observables.
However, they can be useful for larger data sets, or as a part of more globally optimized
set of cuts.
Since no detector simulation could be performed for this study, our instrumental back-
ground estimate is clearly very crude and has a large uncertainty. To illustrate how this





where both rates include all the cuts imposed in a particular analysis. Fig. 3.6 shows the
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Figure 3.6: Estimated discovery reach in the RPV SUSY simplified model parameter
space, at the 14 TeV LHC with 100 fb−1 of data, for a range of assumptions concerning
the instrumental background. The selection cuts are SR8, plus ≥ 1 (left) or ≥ 2 (right)
jets with Mj > 175 GeV. The value ζ = 2.62 is the estimate obtained by rescaling from
8 TeV and used in Fig. 3.3. In the gray shaded region, the decay g˜ → t˜t is kinematically
forbidden.
variation of the reach for values of ζ between 1 and 10, for the same analysis as in Fig. 3.3
(SR8 plus ≥ 1 or ≥ 2 jets with Mj > 175 GeV). The reach estimates are relatively robust
with respect to the uncertainty in the instrumental background estimate, due to a strong
dependence of the signal rates on mg˜.
3.1.4 Discussion and Conclusions
The main results of this section can be summarized as follows:
• The current CMS searches for anomalous events with SSDL and b-jets place a lower
bound of about 800 GeV on the gluino mass in the gluino-stop simplified model of
RPV/MFV SUSY. The bound is only weakly sensitive to the stop mass, as long as an
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on-shell decay g˜ → t˜t is kinematically allowed.
• A search identical to the current CMS search, implemented at the 14 TeV LHC with
100 fb−1 of data, is estimated to have the sensitivity to exclude gluino masses up to
about 1.3 TeV at the 95% CL, and a 5σ discovery reach of about 1.2 TeV. Again, these
are largely insensitive to the stop mass.
• An addition of a cut on the jet invariant mass improves the 95% CL exclusion reach
and the 5σ discovery reach to approximately 1.45 TeV and 1.35 TeV, respectively.
While the improvement in terms of the gluino mass is only about 10% in both cases,
it is still very significant since the gluino cross section drops very rapidly with mass.
While the motivation for our analysis comes primarily from the MFV SUSY model [48],
the results apply quite generally to RPV models with a stop LSP, decaying via a UDD-
type operator. (See, for example, [27] for a recent discussion of such models.) A non-MFV
flavor structure of the stop decay operator may result in fewer b-jets, but since top quarks
still provide two genuine b-jets per event, even in this case the efficiencies of the cuts
should not be strongly degraded.
For our signature to work, it is crucial that the gluino be a Majorana particle. If the
gluino is Dirac, no SSDL signature is possible, and other handles must be used to suppress
the SM background. However, high-mass jets from stop decays are still present in this
situation, and can provide a useful discriminant [67]. It would be interesting to see if, in
addition to stop jets, massive jets formed by the boosted SM tops produced from the same
gluino decays can be useful in this context. (The utility of boosted top-jets in searching for
the gluino-stop cascade decays in R-parity conserving SUSY has been pointed out in [24].)
We leave this possibility for future study.
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3.2 Snowmass 2013: RPV SUSY with Same-Sign Dileptons at LHC-14
3.2.1 Introduction
Experiments at the 8 TeV run of the Large Hadron Collider (LHC-8) did not discover evi-
dence for supersymmetry (SUSY), placing stringent lower bounds on the masses of many
of the superpartners. In a completely natural theory, some of the superpartners are re-
quired to be in the few hundred GeV to a TeV range independently of the details of SUSY
breaking. In particular, such model-independent upper mass bounds apply to stops t˜
and gluinos g˜ (see, for example, [30]). In the “standard” realization of SUSY, with con-
served R-parity and a weakly interacting lightest supersymmetric particle (LSP), the LHC
experiments already strongly constrain this possibility. This motivates interest in alterna-
tive realizations of SUSY, including models with R-parity violation (RPV), which will be
our focus in this section. On the theoretical side, an attractive scenario, “MFV SUSY”,
has been proposed [48, 80]. In this model, RPV is confined almost exclusively to third-
generation quarks, avoiding the bounds from the non-observation of baryon number vio-
lating processes. On the experimental side, RPV SUSY predicts events with no large miss-
ing transverse energy (MET), making it much more difficult to distinguish SUSY events
from Standard Model (SM) backgrounds and thus avoiding most LHC constraints.
Even though the standard large-MET cuts are not useful in RPV SUSY searches, other
handles can be used. In this section, we will focus on the same-sign dilepton signature,
proposed in [10, 25, 59]. (For other signatures, see for example [61, 67, 57, 16].) Consider a
simplified RPV model with a stop LSP and a gluino in the TeV mass range, as motivated
by naturalness. In simple SUSY models, the gluino is a Majorana particle, so that both
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decays
g˜ → t˜t, g˜ → t˜∗t (3.4)
are possible and occur with the same probability. Gluino pair-production at the LHC can
then lead to events with two same-sign tops, and if each of them decays leptonically, the
same-sign dilepton (SSDL) signature is obtained. The stops decay via an RPV operator
t˜ → bs, as predicted by the MFV SUSY scenario, so that no large MET is produced. (A
small amount of MET is always present from neutrinos in leptonic top decays.) Never-
theless, this signature has a very small SM background, and provides a promising search
channel. The 95% c.l. bound on the gluino mass, estimated in [25] based on a CMS
search [44] using 10.5 fb−1 of LHC-8 data, is about 800 GeV, approximately independent
of the stop mass as long as the decay (3.4) can occur on-shell. Recently, this search strat-
egy was implemented by the CMS collaboration in [47], yielding the gluino mass bound
of 900 GeV with the full 2012 data set. The CMS analysis assumed that the decay (3.4) is
off-shell.
3.2.2 Analysis Setup
We estimate the sensitivity of the SSDL search for RPV SUSY at the next run of the LHC,
for which we assume the center-of-mass energy of 14 TeV. To perform this estimate, we
simulate signal events, for a set of 198 parameter points in the (mg˜,mt˜) plane, using
PYTHIA 8 [92]. Signal cross sections are scaled up to NLO using K-factors calculated
in Prospino 2.1 [22]. For gluino masses higher than what Prospino can calculate, we
estimate the K-factors by linear extrapolation. We approximately model the detector re-
sponse with Delphes 3 [51], and apply an analysis based on the work in [25]. Pile-up
effects are not included in this analysis.
38
The Delphes detector simulation is controlled by a modified version of the default
CMS card included in Delphes. Particle propagation, tracking efficiencies, energy and
momentum smearing, and calorimeter response are left unchanged. We require leptons
to have pT > 20 GeV and |η| < 2.4 (excluding electrons in the ECAL gap, 1.442 < |η| <
1.566). We then apply an identification efficiency (73% for e, 84% for µ) calculated in
Appendix A of [25] from the data in [44], and an isolation cut requiring the scalar pT sum
of all objects within ∆R =
√
(∆η)2 + (∆φ)2 = 0.3 of the lepton to be no greater than 10%
of the lepton’s pT . We cluster fat jets with the anti-kt algorithm implemented in FastJet
3 [36, 34], with R = 1.0, and require them to have pT > 40 GeV and |η| < 2.4. For b-
tagging, we use the tagging and mistagging efficiencies for the CSVM tagger from [43].
Finally, we also tag jets with masses above the top mass as “high-mass jets”.
After the detector simulation, we select the same-sign lepton pair with the highest pT
and pair invariant mass greater than 8 GeV to be our “SSDL pair”. We apply a dilepton
trigger efficiency of 96% for ee, 93% for eµ, and 88% for µµ [44]. We veto events where a
third lepton, with pT > 10 GeV and isolation sum no greater than 20% of the lepton’s pT ,
forms an opposite-sign same-flavor pair with one of the SSDL pair leptons, with a pair
invariant mass between 76 and 106 GeV, to remove background events with leptons from
Z decays. We also veto events where a third lepton, with pT > 5 GeV and isolation sum
no greater than 20% of the lepton’s pT , forms an opposite-sign same-flavor pair with one
of the SSDL pair leptons, with a pair invariant mass below 12 GeV, to remove background
events with leptons from a γ∗ or a low-mass bound state.
For an event to pass the analysis cuts, we require that an SSDL pair is found, and
then we apply the event-level cuts for each of the signal regions used in the current CMS
search, see Table 2 of [44], except for SR7. Additionally, we require either NHMJ ≥ 1 or
NHMJ ≥ 2, where NHMJ is the number of high-mass jets in the event. To estimate the
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sensitivity of this search at LHC-14, we compare the projected reach for all 8 signal re-
gions we implemented, with two NHMJ choices for each one. We select the most sensitive
among these choices. However, we did not attempt to optimize the cuts further by go-
ing beyond the settings of the current CMS search; such optimization can of course only
improve the reach.
Irreducible backgrounds to this search involve processes that can generate two prompt
same-sign leptons. To model them, we generate 500K events each of ttW± and ttZ in
MadGraph 5 [13], and scale their cross sections up to NLO with K-factors 1.236 [37] and
1.387 [74], respectively. These events are put through the same hadronization, detector
simulation, and analysis as the signal events.
Instrumental backgrounds to this search mainly involve “fake leptons” from heavy-
flavor decays and misidentified hadrons, and “charge flips” where an opposite-sign dilep-
ton event has one of its lepton charges mismeasured. These dominantly arise from top
pair-production. Since both effects are rare, a very large sample of tt Monte Carlo events
would be required to estimate their rates from simulation. In this preliminary study, we
instead estimate the instrumental background by noting the rates in each of the signal
regions in Table 2 of [44] and assuming that they scale with the tt cross section when the
collision energy is increased from 8 to 14 TeV. Previous study in [25] showed that the re-
sulting reach is not heavily sensitive to this assumption. We combine the irreducible and
instrumental backgrounds to arrive at the total background for each signal region and
choice of NHMJ cut.
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Figure 3.7: Estimated 5σ reach of LHC-14 in the RPV SUSY simplified model.
3.2.3 LHC Sensitivity at
√
s = 14 TeV
The projected sensitivity of the LHC-14 in the (mg˜,mt˜) plane is shown in Figure 3.7. We
find that among the CMS signal regions, SR5, with the additional requirement of 2 high-
mass jets, gives the best sensitivity, although several other SRs are almost as sensitive.
Significant improvements of the reach compared to the present exclusion bounds can be
clearly achieved: for example, with 300 fb−1 of data, the 5σ reach in gluino mass is as
high as 1.4 TeV, approximately independent of mt˜. If the High Luminosity (HL) LHC
upgrade is implemented and yields 3 ab−1 of data, the reach can be further increased to
1.6 − 1.75 TeV depending on mt˜. Note that for technical reasons, our analysis has been
restricted to the part of parameter space where the decays (3.4) occur on-shell. However,
the analysis should retain sensitivity even in the region where the gluinos decay in a
single-step, three-body channel g˜ → tbs.
In summary, same-sign dilepton (SSDL) signature provides a promising channel to
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search for RPV supersymmetry, within the gluino/stop simplified model motivated by
naturalness. We find that experiments at the LHC-14 can achieve impressive sensitivity
for this model, especially if a large data set becomes available with the HL upgrade.
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CHAPTER 4
LOOKING BEYOND THE PHENOMENOLOGY
The SUSY-Yukawa sum rule [28] had previously been proposed as a probe of the mech-
anism that cancels quadratic divergences that threaten to destabilize the Higgs mass. This
cancellation uniquely fixes a particular combination of stop and sbottom masses and mix-
ing angles, which they denoted Υ, at tree-level. However, radiative corrections make
the prediction for Υ dependent on other SUSY parameters. It thus became important to
determine how much Υ is allowed to vary over the allowed parameter space. While a
brute-force scan over this multidimensional space is beyond our computational capabil-
ities, Markov chain Monte Carlo (MCMC) allows us to efficiently sample regions of the
space that are consistent with experimental measurements, and extract the Υ distribution.
This chapter is based on the talk SUSY-Yukawa Sum Rule at the LHC and the ILC [82],
based on work in collaboration with Maxim Perelstein, given at the 2011 International
Workshop on Future Linear Colliders (LCWS11) in Granada, Spain.
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4.1 SUSY-Yukawa Sum Rule at the LHC and the ILC
4.1.1 Introduction
Supersymmetry (SUSY) is the only known mechanism which removes the quadratic di-
vergence in the Higgs mass to all orders in perturbation theory, allowing the theory to
remain perturbative to very high energy scales, such as GUT or Planck scale, without
fine-tuning. SUSY predicts a number of new particles, with masses generically at the TeV
scale, and searches for such particles are a major part of the LHC physics program. If such
superparticles are within reach of the ILC, their masses and some of the couplings can be
measured with high precision [7]. The couplings between superpartners and the Higgs
would be particularly important to measure, since they are unambiguously fixed by the
requirement of quadratic divergence cancellation, and measuring them gives a unique
test of the SUSY solution to the hierarchy problem. By the same token, these couplings
are extremely model-independent: as long as the underlying mechanism of hierarchy sta-
bilization is SUSY, they cannot be changed, while most other observables (superparticle
spectrum, decay channels, etc.) depend on details of the SUSY model and breaking mech-
anism. The strongest of such couplings is the Higgs coupling to the superpartners of the
top, the stop bosons, since it is related to the top Yukawa, the strongest coupling of the
Standard Model Higgs. Can this coupling be measured, at the LHC or the ILC?
On the one hand, there are reasons to be optimistic: naturalness suggests that stops
must be rather light, ideally in the 300–400 GeV range, if SUSY is indeed responsible for
stabilizing the Higgs [30]. (Note also that, at the time of this writing, this mass range is
not excluded by the LHC searches, as long as stops are significantly lighter than all other
squarks [30, 81].) On the other hand, a direct measurement of the hht˜t˜ vertex appears
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impossible, since the processes containing this vertex and quarks, gluons or electrons in
the initial state have very small cross sections. The solution to this was proposed in [28],
where a simple sum rule was formulated. The sum rule is a direct consequence of the
SUSY relation between the top Yukawa and the hht˜t˜ vertex, and at the same time it is
made up entirely of potentially observable quantities, such as masses and mixing angles
of the third-generation squarks. In this section, we will briefly describe the sum rule, and
outline the prospects for testing it at the LHC [28]. We will also describe how the LHC and
ILC measurements of SUSY parameters outside of the third-generation squark sector can
sharpen the theoretical prediction of the sum rule, by providing crucial information about
the size of the radiative corrections to the sum rule. Finally, we will argue that an e+e−
collider, such as the ILC (or a higher-energy machine, if necessary to pair-produce stops
and sbottoms) would be required to get sufficient information about the third-generation
squark sector to unambiguously test the sum rule.
4.1.2 SUSY-Yukawa Sum Rule






h2(|t˜L|2 + |t˜R|2), (4.1)
where yt is the top Yukawa constant. It is crucial for divergence cancellation, and guar-
anteed by SUSY, that the same yt appears in the two terms; the task is to test this fact
experimentally. To our knowledge, a direct experimental measurement of the strength
of the quartic interaction hht˜t˜ is impossible. Once the Higgs gets a vev, 〈h〉 = v, a cu-
bic interaction ht˜t˜ is generated, but it also seems very difficult to measure (although in
some special cases this may be possible [38]). A mass term, y2t v2(|t˜L|2 + |t˜R|2), is also
generated, giving a mass precisely equal to mt to both stops. If this was the only con-
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tribution to the stop masses, it could be easily measured, providing a somewhat indirect
but still very robust confirmation of the structure of Eq. (4.1). Of course, there are other
contributions: the soft masses, M2L|t˜L|2 +M2R|t˜R|2, as well as the off-diagonal mass terms,
v(At sin β − µ cos β)(t˜∗Lt˜R + c.c.), and the D-term contribution. Nevertheless, it was shown
in [28] that the interesting contribution to the stop mass can be isolated and expressed in
terms of physical observables. The SUSY prediction takes the form
mˆ2t − mˆ2b = m2t˜1 cos2 θt˜ +m2t˜2 sin2 θt˜ −m2b˜1 cos2 θb˜ −m2b˜2 sin2 θb˜ −m2W cos 2β, (4.2)
where {mˆt, mˆb} are the bare top and bottom masses, {mt˜a,mb˜a} are the physical stop and
sbottom masses (a = 1, 2), and {θt˜, θb˜} are the rotation angles between the gauge and
mass bases in the stop and sbottom sectors. This prediction was called ”SUSY-Yukawa







sin2 θt˜ −m2b˜1 cos2 θb˜ −m2b˜2 sin2 θb˜
v2
(4.3)
to encapsulate the stop and sbottom sector masses and mixing angles, which have not yet
been measured. SUSY predicts (at the tree level, in the large tan β limit)
ΥtreeSUSY = 0.28. (4.4)
By measuring stop and sbottom sector masses and mixing angles, a task that’s difficult
but may not be impossible as we discuss below, this prediction can be tested.
Before proceeding, let us discuss loop corrections to the prediction (4.4). The masses in
the definition of Υ are physical (pole) masses; one can also define the “running” version of
this observable, Υ(µ), which has the same form but with masses and mixings taking their
running values evaluated at scale µ. The operations leading to the sum rule rely only on
SUSY and SU(2)L gauge symmetry, so the tree-level sum rule applies to Υ(µ) as long as
µ is above SUSY and electroweak symmetry breaking scales. Thus, the only corrections
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to the sum rule are threshold effects, with no large logs. Numerically, however, these
corrections can be large, since the sum rule involves a delicate cancellation among the
stop and sbottom terms, and even fractionally small corrections to each term can result
in significant fractional corrections in Υ. This fact was already noted in [28], and will be
further illustrated by the numerical work in the next section. This appears to diminish
the usefulness of the sum rule. However, the large radiative correction is troublesome
only if it is unknown; if it can be calculated and subtracted, the sum rule can still be
meaningfully tested. Calculating the radiative corrections to the stop and sbottom masses
requires knowledge of SUSY parameters, such as, for example, the gluino and chargino
masses. In the next section, we show that experimental measurements of these masses at
the LHC and ILC can significantly reduce the uncertainty on the theoretical prediction of
Υ.
4.1.3 Improving the Theoretical Prediction of the Sum Rule with Data
While at tree level the SUSY prediction for Υ is just a fixed number (with only a slight
tan β dependence), radiative corrections to Υ depend on a number of SUSY parameters.
If these parameters are treated as unknown, SUSY prediction for Υ is significantly washed
out, and a broad range of values is possible (see Fig. 2 in [28]). However, experimental
measurement of SUSY parameters should clearly shrink this range. Testing the sum rule
can then be thought of as consisting of two steps:
1. measure as many parameters as possible not including third-generation squark masses
and mixings, and use them to narrow the range of possible radiative corrections to
Υ, and
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2. measure the third-generation squark masses and mixings, and check that the com-
bination in Eq. (4.3) falls within the range determined in step 1.
In this section, we present a Monte Carlo study of step 1 of this procedure.
Our study is in the context of the phenomenological MSSM (pMSSM) [54]. We as-
sumed that the “correct” model is the well-known benchmark point LCC1. We then
scanned the pMSSM parameter space, and recorded the values of Υ at each point. To
make efficient use of computing time, we only scan the parameters that significantly af-
fect Υ, namely: M1, M2, M3, mQ˜, mt˜R , mb˜R , At, Ab, MA (pole), tan β (mZ), and µ. We fix
all other parameters at their LCC1 values. Details on the parameter space are included in
Appendix B.
Even with this simplification, the traditional method of scanning over a grid is compu-
tationally prohibitive, leading us to use Markov Chain Monte Carlo (MCMC) techniques
as detailed in [17]. The MCMC algorithm is implemented in C++ with the GNU Scien-
tific Library, and interfaces with SuSpect [55] for all the MSSM spectrum calculations.
As in [17], we initialize 50 Markov chains around the benchmark point LCC1, propagate
them for one million steps, burn the first 10% of each chain, and test for convergence of
the algorithm with the Fourier analysis detailed in [58]. Details on the MCMC algorithm
and its implementation are included in Appendix C.
We conducted three separate scans of the parameter space. The first scan does not as-
sume any experimental knowledge of the superpartner masses, beyond the requirement
of a neutralino LSP, the LEP constraints on charged superpartner masses (> 100 GeV)
and the lightest CP-even Higgs mass (we use mh > 108 GeV, to conservatively take into
account the uncertainty of the SuSpect prediction), as well as the current experimental
constraints on mW , gµ − 2, and Br(b → sγ). (We do not take into account the dark matter
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relic density constraint, which is subject to model-dependent cosmological uncertainties.)
The top panel of Fig. 4.1 shows the resulting distribution of Υ.
We then repeated the scan with additional constraints on the SUSY parameters from
measurements at the LHC-14 (middle panel) and the ILC-500 (bottom panel). We esti-
mated the values of these measurements by using SuSpect to calculate the superpartner
spectrum at the benchmark point LCC1. The estimates of the uncertainties in the LHC
and ILC measurements are taken from the 2004 report of the LHC/LC study group [97]
(for a concise summary of these estimates, see Table 2 of [17]). In all cases, we ignore in-
formation about third generation squarks, as explained above. Details on the constraints
are included in Appendix B.
Figure 4.1 clearly demonstrates that, as expected, the “theoretical” prediction of Υ be-
comes sharper as more information on SUSY spectrum is gathered, allowing us to nail
down the radiative corrections to stop and sbottom masses. It is useful to quantify this
by computing the mean and standard deviation of the Υ predictions. Without any new
experimental constraints from the LHC or ILC, Υ = 0.18 ± 0.85. After the LHC-14 mea-
surements, it narrows to Υ = 0.37 ± 0.39, while the ILC measurements at √s = 500 GeV
narrow it further to Υ = 0.42± 0.19. (The true value at LCC1 is Υ = 0.27.)
Note that, at the time of this writing, the point LCC1 is already ruled out by the LHC
data. It is clear that qualitative lessons of this study apply throughout the model param-
eter space, although of course the amount of information a given collider can obtain does
depend strongly on the spectrum.
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Figure 4.1: Distributions of Υ with different sets of experimental constraints. The as-
sumed true model is the MSSM at the benchmark point LCC1.
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4.1.4 Mass and Mixing Angle Measurements
To test the sum rule, the theoretical prediction discussed above must be compared to Υ
computed by directly measuring stop and sbottom masses and mixing angles. [28] stud-
ied the potential for mass measurements at the LHC. The analysis relied on direct stop
decays, t˜ → tχ˜01, and cascade decays of gluinos via sbottoms, g˜ → b˜b, b˜ → bχ˜01. Using the
kinematic edge, as well as recently developed techniques such as subsystem MT2 vari-
ables [32], it was possible to extract the lighter stop and sbottom masses to roughly 10%
accuracy at the benchmark point used in this study. Recently, a more refined version of
the gluino cascade analysis has been performed by D. Curtin [50], confirming this con-
clusion for the sbottom mass. (Note that the benchmark point used in this studies has
precisely the sort of spectrum favored by current LHC constraints and naturalness, with
only third-generation squarks appearing below 1 TeV.) Thus, it appears that the LHC can
do a decent job on measuring the masses, at least as long as substantial samples of stops
and sbottoms are produced, either directly or in cascade decays. However, as already em-
phasized in the discussion of radiative corrections above, the sum rule involves a delicate
cancellation among the stop and sbottom terms, and even fractionally small corrections
to each term can result in significant fractional corrections in Υ. It is absolutely crucial
to measure the stop and sbottom masses as precisely as possible. An e+e− collider, with
sufficiently high center-of-mass energy to pair-produce the stops, would be an ideal in-
strument for this task.
While a lot of work has been done on superpartner mass measurements, measuring
mixing angles has not attracted the same attention. There are several proposals in the
literature for measuring the stop mixing angle [68, 85, 91, 89]. For example, [85] pro-
posed using the polarization of the top quarks produced in the direct decay t˜ → tχ˜01 as a
handle on the mixing angle at the LHC; however, the measurement is quite challenging
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experimentally, and even if it could be done, additional information on the neutralino
composition (bino, wino and higgsino fractions) would be required for this approach to
succeed. There are, to our knowledge, no proposals for measuring the sbottom mixing
angle at the LHC. Unless a way to do it is found, no test of the sum rule is possible at the
LHC. An e+e− collider, on the other hand, is ideally suited for measuring mixing angles.
Stops and sbottoms are produced in e+e− collisions via photon or Z exchange. Since the
Z couples with different strengths to left- and right-handed squarks, the Z couplings to
the physical squark states (mass eigenstates) depend explicitly on the mixing angles. For

















where tw ≡ tan θw. A measurement of the total stop or sbottom pair-production cross
section gives a direct measurement of the mixing angles. This technique was explored
in [19], where it was found that a rather precise determination of the stop mixing angle
(fractional error of about 10% on cos θt˜) was possible at a 500 GeV e+e− collider. Beam
polarization was found to play a crucial role in this measurement. This conclusion seem
rather robust, and should be valid as long as the center-of-mass energy is high enough to
produce t˜1 pairs.
4.1.5 Conclusions
In this section, we described the SUSY-Yukawa sum rule, a simple prediction of SUSY
which follows directly from the crucial coupling relation responsible for canceling the
quadratic divergence in the Higgs mass. The sum rule involves only directly observ-
able quantities, i.e. masses and mixing angles of third-generation squarks. Radiative
corrections to the sum rule depend on a number of other SUSY parameters. We showed
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how measuring those parameters at the LHC and the ILC can lead to a sharper theoret-
ical prediction of the sum rule. We also discussed the prospects of measuring the third-
generation squark masses and mixing angles experimentally. While the LHC can measure
masses, the precision seems insufficient for a meaningful test of the sum rule. Moreover,
mixing angle measurements at the LHC appear very difficult or impossible. An e+e− col-
lider such as the ILC can provide precise mass and mixing angle measurements, as long
as the center-of-mass energy is sufficiently high to produce both stop and sbottom states.
If SUSY-like new physics is found at the LHC, this set of measurements could form an




At the time of this writing, humanity sits at the interbellum between two LHC runs.
Having finished its first run at
√
s = 7 and 8 TeV in 2012, the LHC will soon restart
proton-proton collisions at
√
s = 13 TeV, and a new flurry of recasting, interpretation, and
speculation will begin. We have been climbing this mountain for many years, but we are
nearing the top of the crest, and we will soon be able to see what is on the other side.
Will we find our lost SUSY particles, or perhaps evidence of another theory beyond the
Standard Model? Or will we peek over the crest to find nothing but a desert above the
weak scale?
This dissertation likely represents my final contribution to humanity’s search for an
explanation for the structure of the universe. But I feel extremely blessed to have con-
tributed at all, and to have spent the last ten years in the company of fellow searchers,
because these experiences have given me the deepest possible understanding of what
and where we are.
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APPENDIX A
APPENDIX TO SECTION 3.1: DETAILS OF THE RECASTING PROCEDURE
To recast the CMS SSDL+MET+b analysis in terms of the RPV SUSY model, we follow
closely the instructions provided by CMS in [44] and its predecessors [41, 46]. The only
significant difference is in the treatment of leptons. The instructions recommend analyz-
ing leptons at parton level, by taking the leptons that pass the kinematic cuts and apply-
ing the selection efficiencies given in Section 7 of [44]. These selection efficiencies, which
account for lepton identification efficiencies, isolation cuts, and detector effects, had been
computed from Monte Carlo studies of simplified model A1 (pp → g˜g˜, g˜ → ttχ˜0) at the
RPC SUSY benchmark point LM9. However, because the leptons in the RPV SUSY signal
process may come from boosted tops, there is extra hadronic activity near the leptons,
and the LM9 selection efficiencies do not properly model the isolation cuts for the RPV
signal. Therefore, we extract the isolation cut efficiencies for RPV from our signal MC.
To do so, we impose a lepton isolation cut on the hadronized signal MC events. Follow-
ing [41], Iso(ˆ`) is defined as a scalar sum of the lepton pT ’s and photon and hadron ET ’s
within a cone of size ∆R ≡ √(∆η)2 + (∆φ)2 < 0.3 about the lepton, not including the pT
of the lepton itself:
Iso(ˆ`) ≡
∑







To pass the isolation cut, the lepton must have have Iso(ˆ`) < 0.1. On top of the isolation
cut, we impose the identification efficiency, which we assume to be independent of pT ,
η, and the physical process: 73% for electrons and 84% for muons. The identification
efficiency for each lepton species is extracted by simulating the A1 LM9 benchmark model
at hadron level, computing the lepton isolation cut efficiency Eff(Iso) for this sample
using Eq. (A.1), and dividing the total selection efficiency reported by CMS by Eff(Iso).
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The rest of the lepton analysis emulates [44] as closely as possible. From the set of
selected leptons, we choose the “SSDL pair”: the same-sign pair with the highest pT and
a pair invariant mass of at least 8 GeV. We then apply the dilepton trigger efficiency: 96%
for ee, 93% for eµ, and 88% for µµ. We veto events where a third lepton (with pT > 10
GeV, the normal |η| cuts, and Iso(l3) < 0.2) forms an opposite-sign same-flavor pair with
one of the SSDL pair leptons, with a pair invariant mass between 76 and 106 GeV. We also
veto events where a third lepton (with pT > 5 GeV, the normal |η| cuts, and Iso(l3) < 0.2)
forms an opposite-sign same-flavor pair with one of the SSDL pair leptons, with a pair
invariant mass below 12 GeV.
The remaining physics objects are handled at parton level, following the instructions.
The number of jets is a count of colored partons passing the kinematic cuts: pT > 40
GeV and |η| < 2.4. To count b-tagged jets, we apply a pT -dependent tagging efficiency,
parameterized in Section 7 of [44], to all the b quarks that pass the jet kinematic cuts. To
implement the cuts on HT and /ET , we compute “generator-level” quantities gen-HT and
gen- /ET , and use the turn-on efficiency curves parameterized in Section 7 of [41] to get
efficiencies for the cuts. gen-HT is the scalar sum of pT ’s of the jets that pass the kinematic




APPENDIX TO SECTION 4.1: DETAILS ON THE PMSSM AND THE
CONSTRAINTS USED IN OUR SCANS
Our objective is to obtain an accurate distribution of Υ values from the allowed re-
gions of the MSSM parameter space, given measurements at the LHC or ILC that indicate
(with some uncertainty) that the universe sits at a certain benchmark point in the pa-
rameter space. In our case, we use the mSUGRA benchmark point LCC1, which has the






Table B.1: mSUGRA parameters at the benchmark point LCC1 [97].
In essence, this is an exercise in Bayesian inference. A prior probability distribution
on the parameter space, which indicates our prior knowledge of what regions are or are
not allowed, is “confronted” by the data, resulting in a posterior probability distribution,
which indicates our knowledge of what regions are allowed after that data is taken into
account. (The data in this case is a set of simulated measurements, and their uncertainties,
of sparticle properties at the LHC or ILC.) It is from this posterior probability distribution
that we extract the Υ distribution. Useful and in-depth discussions of this methodology
can be found in [6, 17]. The algorithm we use to execute this confrontation is detailed in
Appendix C.
We might have liked to scan over the full 108-dimensional MSSM parameter space,
if it were not so computationally prohibitive. Instead, we confine ourselves to the phe-
nomenological MSSM (pMSSM) [54]. Parameters for which nonzero values would gen-
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erally lead to large, observable CP-violating effects and flavor changing neutral currents
(FCNCs) are fixed at zero, leaving a 24-dimensional pMSSM parameter space. We then
further constrain our scan to a subspace of the pMSSM parameter space that is most rel-
evant to the third-generation squark sector, leaving an 11-dimensional parameter space
listed in Table B.2. All other pMSSM parameters are fixed at their values at the benchmark
point.
M1, M2, M3 Gaugino masses
mQ˜, mt˜R , mb˜R 3rd generation squark masses
At, Ab 3rd generation trilinear couplings
MA (pole), tan β (mZ), µ Higgs sector parameters
Table B.2: Parameters that are scanned over in the phenomenological MSSM (pMSSM).
We also set a prior probability distribution, as in [17]. Parameters that can have either
sign (M1, M2, M3, At, Ab, µ) are given a prior probability distribution P ∼ 1√x2+K2 , where
K = 50 GeV, and the rest of the parameters (which are strictly positive) are given a Jeffreys
prior P ∼ 1
x
. This penalizes large values of the parameters and prevents the MCMC
scan from venturing off to infinity. These priors are implemented by transforming the
parameter space: parameters that can have either sign are transformed as






and parameters that are strictly positive are transformed as






Another advantage of these transformations is that the parameters are now dimension-
less. Finally, we set the hard boundaries on the parameter space shown in Table B.3.
Finally, we must consider what data is used to confront the prior PDF and generate
the posterior PDF. During the scan, points in the parameter space are assessed by the
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parameters minimum maximum
M1, M2, M3 −4 TeV 4 TeV
mQ˜, mt˜R , mb˜R 100 GeV 4 TeV
At, Ab −8 TeV 8 TeV
mA (pole) 100 GeV 1 TeV
tan β(mZ) 2 60
µ −1 TeV 1 TeV
Table B.3: Bounds on the parameter space scan.
likelihood L that they can generate the measured values of SUSY parameters. (See Ap-
pendix C for details on how this is done.) First, the likelihood is automatically set to zero
if the SUSY spectrum of the point does not meet the following criteria:
• a neutralino LSP,
• due to LEP constraints, no new charged particles with mass below 100 GeV,
• the lightest CP-even Higgs mass is above 108 GeV (at the time of writing, the Higgs
boson had not yet been discovered).












where each Gaussian corresponds to a different constraint xi, with measured value xi
and uncertainty σi. Basic constraints used for all of the scans is listed in Table B.4. For the
scans with simulated LHC and ILC data, additional constraints are listed in Table B.5.
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constraint xi σi
mW 80.480 GeV 0.025 GeV
gµ − 2 2.78× 10−9 6.0× 10−10
Br(b→ sγ) 2.635× 10−4 0.256× 10−4
Table B.4: Basic constraints used for all the scans. Values xi are taken from the SuSpect
output spectrum for the benchmark point LCC1. Uncertainties σi for mW and gµ − 2 are
taken from [79], and the uncertainty for Br(b→ sγ) is taken from [15].
constraint xi σi (LHC-14) σi (ILC-500)
m(χ˜01) 97.22 4.8 0.05
m(χ˜02)−m(χ˜01) 82.99 1.2 0.07
m(χ˜03)−m(χ˜01) 260.00 4.0
m(χ˜04)−m(χ˜01) 279.47 2.2 2.2
m(χ˜+1 ) 179.57 0.55
m(e˜R) 142.82 0.05
m(e˜R)−m(χ˜01) 45.6 1.0 0.2
m(µ˜R)−m(χ˜01) 45.6 1.0 0.2
m(τ˜1)−m(χ˜01) 36.2 5.0 0.3
m(e˜L)−m(χ˜01) 103.5 1.2 0.2
m(µ˜L)−m(χ˜01) 103.5 1.2 1.0
m(τ˜2)−m(χ˜01) 107.5 1.1
m(ν˜eL) 184.8 1.2
m(h) 109.74 0.25 0.05
m(A) 393.59 ∗ †
m(u˜R) 545.1 19.0 16.0
m(s˜R) 544.8 19.0 16.0
m(u˜L) 561.5 17.4 9.8




m(g˜) 605.3 8.0 6.5
∗ require either m(A) > 200 or tan β < 7
200
m(A)
† require m(A) > 240
Table B.5: Additional constraints used for the LHC and ILC scans. All masses are in GeV.
If no uncertainty is listed, that particular constraint is not used for that scan. Values xi are
taken from the SuSpect output spectrum for the benchmark point LCC1. Uncertainties
are taken from Table 2 of [17], which reproduces data from [97].
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APPENDIX C
APPENDIX TO SECTION 4.1: DETAILS ON THE MARKOV CHAIN MONTE
CARLO ALGORITHM
To scan the parameter space, we use a Markov Chain Monte Carlo (MCMC) algorithm
in order to achieve an exploration of the allowed regions of the parameter space, with fine
enough resolution, in a reasonable amount of time on a standard laptop computer. More
specifically, we use an adaptive Metropolis-Hastings algorithm with simulated anneal-
ing, where a Gaussian proposal is used to choose the trial shift. The algorithm is adaptive
in that the size of the trial shift in any direction in parameter space is based on the covari-
ance matrix of the set of the Markov chains’ last points, which is a measure of how large
the posterior probability distribution seems to be at that time. This covariance matrix
is continuously updated at every step. This technique is based on Appendix A of [17],
and the description below closely follows it. Figure C.1 shows a simple example of the
algorithm at work.
The standard Metropolis-Hastings algorithm
The Metropolis-Hastings algorithm explores a parameter space with a Markov chain,
which is a sequence of points where each point is generated by a process that only de-
pends on the previous point in the chain. Consider a Markov chain, with its last point ~p
in our D-dimensional pMSSM parameter space. To produce the next point in the chain,
propose a new point ~q by sampling a given probability density P (~q|~p). We can then eval-
uate the fitness of this point by a given Likelihood function L which depends on our
constraints:
• If L(~q) ≥ L(~p), then we accept the proposed point into the chain and set ~p ′ = ~q.
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Figure C.1: Simple example of our Markov Chain Monte Carlo algorithm at work. 10
Markov chains are propagated for approximately 1000 steps each, constrained to seek out
the region of a 2-dimensional parameter space that is a radius of 3 ± 0.3 away from the
point (2, 1). The plots show (a) the first 100 points of each chain, (b) points 101 to 500 of
each chain, and (c) points 501 to 1000 of each chain.
• If L(~q) < L(~p), then we may still accept the proposed point and set ~p ′ = ~q, but only
with probability L(~q)L(~p) . Otherwise, we reject the proposed point and set ~p
′ = ~p.
We repeat this process, extending the Markov chain, until satisfied. This process satisfies
detailed balance as long as the proposal probability density P (~q|~p) is symmetric with re-
spect to ~q ↔ ~p, so the distribution of points in the Markov chain will eventually converge
to the posterior probability distribution function (PDF), independent of what P actually
is.
A natural choice would be to let P be a fixed Gaussian distribution centered at ~p.
Proposals are drawn randomly from a fixed neighborhood of the last point in the chain.
But this would mean that the effective “step size” of each proposed shift from the last
point to the new point would be fixed, whereas we may discover, over the course of the
scan, that the posterior PDF is much narrower or wider in some direction in space than we
had assumed. If the posterior PDF is much narrower in some direction than our guessed
step size, many proposed points will be rejected. If the posterior PDF is much wider,
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it will take much longer to cover the allowed parameter space. Therefore, we instead
choose a more efficient Gaussian proposal that adapts to the currently-known size of the
posterior PDF.
The adaptive Metropolis-Hastings algorithm
Instead of using a single Markov chain, we now use N Markov chains. Remember that to
satisfy the Markov property, we can only use the set of N last points of the chains, {~pi}, to











(~pi − ~µ)(~pi − ~µ)T . (C.2)
The covariance matrix captures the size and shape of the posterior PDF at that time. (Al-
though it is important to note that we must have N > D, that is, more Markov chains
than dimensions in the parameter space, in order for C to be positive definite.)
At each step in the scan, we choose one of the Markov chains at random and update
it with a new point. Let us define the “trial shift” from the last point in the chain to the
proposed new point as ~y ≡ ~q− ~pi. Then, the trial shift is chosen from a Gaussian proposal
distribution









where f ≡ 2.381/√D yields efficient step sizes. Computationally, the easiest way to im-
plement this is to sample a random vector ~x from a D-dimensional Gaussian distribution
with zero mean and unit variance in each parameter, and then setting ~y = fL~x. Here,
L is the Cholesky decomposition of C, which is akin to a matrix square root, and can be
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readily computed by most computer linear algebra packages such as that found in the
GNU Scientific Library.
We must also modify how we decide whether or not to accept the proposed shift.
Since the covariance matrix C will be updated to a new covariance matrix C′ if we accept
the shift, the proposal distribution is no longer symmetric, and using the old method of
deciding whether to accept the shift would result in a loss of detailed balance. We can
recover detailed balance by making our probability of accepting the proposed shift







For the above computation, it is necessary to get the new values of the covariance
matrix, its determinant, and its inverse. But recalculating these quantities is the most
computationally intensive part of the entire algorithm, if the number of dimensions (and
thus the number of chains) is large. Instead, we use a shortcut that allows us to only invert
the covariance matrix once, at the start. The mean and covariance matrix are updated with







(~pi − ~µ)~y T + 1
N
~y(~pi − ~µ)T + N − 1
N2
~y~y T , (C.6)
where the ith Markov chain is being updated. Casting the update of the covariance matrix







then we can simply use
λij = ~bi
TC−1~aj,




−1 ~ai~bj T C−1,




We make one more modification to the Metropolis-Hastings algorithm: simulated anneal-
ing. We consider the first 10% of points in the scan the “burn-in period”, where we make
it easier for the chains to jump to points in the parameter space with lower likelihoods.
In a sense, the scan starts out “hot”, with the chains jumping liberally to far-flung regions
in parameter space, and then it “cools down” to the normal behavior. This allows the
chains to start out with a better chance of exploring multiple parts of the parameter space
at once, especially if the allowed regions of parameter space happen to be disconnected.
After the scan is completed, the burn-in period is removed from the chains.
To implement this, the likelihood function is modified with an exponent for the first
half of the burn-in period: L → Lλ (unrelated to the λ in Eq. C.8). This exponent is defined
as λ = (0.01)1−α, where α is the fraction of the burn-in period that has elapsed. Thus, at
the start, λ = 0.01∗ and the effect of the likelihood ratio on the probability of accepting
a new shift is lowered. But as the system cools down, λ → 0.1 and the likelihood ratio
matters more. Finally, for the last half of the burn-in period, the exponent is turned off
and things proceed normally.
Convergence testing
At the end of the scan, we test for convergence following the procedure in Appendix A.4
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